A method for mapping of temperature over a large volume of the brain using volumetric proton MR spectroscopic imaging has been implemented and applied to 150 normal subjects. Magnetic susceptibilityinduced frequency shifts in gray-and white-matter regions were measured and included as a correction in the temperature mapping calculation. Additional sources of magnetic susceptibility variations of the individual metabolite resonance frequencies were also observed that reflect the cellular-level organization of the brain metabolites, with the most notable differences being attributed to changes of the N-Acetylaspartate resonance frequency that reflect the intra-axonal distribution and orientation of the white-matter tracts with respect to the applied magnetic field. These metabolite-specific susceptibility effects are also shown to change with age. Results indicate no change of apparent brain temperature with age from 18 to 84 years old, with a trend for increased brain temperature throughout the cerebrum in females relative for males on the order of 0.1°C; slightly increased temperatures in the left hemisphere relative to the right; and a lower temperature of 0.3°C in the cerebellum relative to that of cerebral white-matter. This study presents a novel acquisition method for noninvasive measurement of brain temperature that is of potential value for diagnostic purposes and treatment monitoring, while also demonstrating limitations of the measurement due to the confounding effects of tissue susceptibility variations.
Introduction
The temperature of the brain reflects cerebral metabolism and physiology and its non-invasive measurement may be of value as a marker of disease and for monitoring of hyperthermia or hypothermia treatments. However, little is known about normal brain temperature distributions and changes with disease due to the difficulties of performing in vivo brain temperature measurements in human subjects. Several studies have reported on the use of proton MR spectroscopy for temperature measurement, which is based on the temperature dependence of the water resonance frequency of approximately 0.01 ppm/°C. It has also been shown that for studies of the brain the signal from N-acetylaspartate (NAA) provides a convenient frequency reference (Cady et al., 1995; Corbett et al., 1995) and additionally that combining this with frequency measurements from the creatine (Cre) and choline (Cho) resonances may provide greater reproducibility (Cady et al., 2010) .
Previous MRS measurements of brain temperature in human subjects have used single-voxel or volume-selected two-dimensional spectroscopic imaging (SI) acquisitions (Cady et al., 2010; Childs et al., 2007; Corbett et al., 1997; Covaciu et al., 2010; Karaszewski et al., 2006) , with the result that only a small fraction of the brain volume, which does not include cortical surface regions, has been sampled. In this report a volumetric "whole-brain" SI sequence has been used that samples a much larger brain volume. An additional limitation of previous MRS temperature measurement studies is that the effect of tissue-specific differences in the water resonance frequency were not taken into account. These are known to be caused by differences in magnetic susceptibility, with additional contributions from proton exchange, and result in differences of the water resonance frequency in gray-matter (GM) and white-matter (WM) tissues (Duyn et al., 2007; He and Yablonskiy, 2009) . He and Yablonskiy have demonstrated that susceptibility-induced shifts of the water resonance depend on cellular and subcellular organization and it has been proposed by Chadzynski et al. (2011) that shifts of metabolite resonance frequencies occur that similarly depend on the subcellular compartmentalization of each metabolite. With a reported difference in the water-NAA resonance frequency separation of 14 ppb (Chadzynski et al., 2011) this could result in an error in the temperature measurement of up to 1.4°C. Correction for this tissue composition effect becomes more important when mapping temperature over a larger brain volume; therefore, an additional aim of this study has been to confirm the previous measurements of metabolite-specific frequency shifts between GM and WM and to include this effect in the temperature calculation.
The water 1 H resonance frequency is linearly dependent on temperature; however, the calibration of the slope and intercept of this temperature dependence has proven to be problematic. Several reports have published calibration values based on measurements in phantoms (Cady et al., 1995; Corbett et al., 1995; Covaciu et al., 2010) , rat brain (Zhu et al., 2008) and piglet brain (Cady et al., 1995 (Cady et al., , 2010 , however, with little agreement on the calibration values. It has been demonstrated that calibrations in solutions depend on protein and ionic content (Vescovo et al., 2013) and that the spectral fitting (Zhu et al., 2008) and data acquisition (Childs et al., 2007; Prakash et al., 2014) methods can affect the results. The in vivo calibration measurements will additionally be affected by the magnetic susceptibility of the sampled tissue region, which has previously not been taken into account. A related difficulty is validation of the measurements since the true temperature cannot be measured non-invasively in the brain of normal human subjects by any other method. Direct temperature measurements that have been done in the human brain during surgery indicate that temperature increases with depth and that the center is on average approximately 0.5°C above that of the rectal temperature (Hirashima et al., 1998; Mariak, 2002) , and similar findings have been observed in animal studies (Wang et al., 2014; Zhu et al., 2006) . However, more detailed information on the distribution of temperature within the brain and possible associations with factors such as age, gender and body weight remain unknown.
This study presents an analysis of volumetric 1H MRSI data obtained from normal adult subjects. By taking advantage of signal averaging following spatial normalization of multiple data sets, improved measurements of the average brain temperature in a group of subjects can be obtained. In addition, the effect of tissue-specific frequency shifts was evaluated and incorporated into an image-based temperature calculation. The spatial variation of brain temperature and associations with subject age, gender, and weight were then examined.
Methods

Subject selection
MRI and MRSI studies of the brain in healthy subjects were obtained from an existing database of 150 studies, aged 18 to 84, with 90 female subjects. These studies were carried out under five research protocols, each of which was approved by the institutional human subjects research review committee and with informed consent obtained from all participants. Results using these normal control data have been previously published (Govind et al., 2010 (Govind et al., , 2012 Maudsley et al., 2009 Maudsley et al., , 2010a Sabati et al., 2015) . Subjects were screened to exclude any history of brain disease or injury, substance abuse, or psychiatric condition. Eight elderly subjects were screened using neuropsychological test procedures and verified to be cognitively normal, whereas self-reporting procedures were used for all other subjects.
Data acquisition methods
Volumetric MRSI data were acquired at 3 T (Siemens Trio) using a spin-echo acquisition with echo-planar readout, frequency-selective water suppression, lipid inversion nulling, and TE/TR/TI=70/1710/ 198 ms. Details of the sequence have been previously provided (Ebel et al., 2001; Sabati et al., 2015) . Data was sampled with 50×50×18 points over a field of view of 280×280×180 mm, for a nominal voxel volume of 0.313 cc, and with selection of a slab of 135 mm covering the cerebrum. Spectral sampling used 1000 sample points with 2500 Hz spectral width that was reduced to 500 points and 1250 Hz following resampling and combination of the odd and even echoes (Metzger and Hu, 1997) . The MRSI acquisition included a second interleaved dataset that was obtained without water suppression and using 20°excitation and gradient-echo observation, and which provided a water reference signal with identical spatial and spectral parameters to the metabolite MRSI. Each study also included a T1-weighted MRI (MPRAGE, Magnetization Prepared Rapid Gradient Echo) at 1-mm isotropic resolution (TR/TE/TI=2150/4.4/1100 ms, flip angle 8°).
Data processing
The metabolite and water-reference MRSI datasets were reconstructed using the MIDAS package (Maudsley et al., 2009; Sabati et al., 2015) . The major steps of the processing pipeline that are relevant for mapping of resonance frequencies are illustrated in Fig. 1 . Spatial reconstruction included the same smoothing and interpolation to 64×64×32 points applied to both the metabolite SI (SI Met ) and the water SI (SI H2O ) datasets, resulting in a final spatial resolution of approximately 1 cc. Zerofilling to 1024 points was applied in the spectral domain prior to Fourier transformation, with no apodization applied. To enable analysis of both the water and metabolite frequencies while also accounting for spatially variant B0 inhomogeneity, the SI Met and SI H2O spectra were combined and a single spectral analysis carried out that included the water and metabolite signals. The two spectra were combined by splicing and scaling a region of 100 data points (122 Hz) centered at the water resonance into the corresponding location in the metabolite spectrum. The water resonance was scaled to be comparable in amplitude to the metabolite resonances, as shown in Fig. 2 . Because the spectral model used in the analysis program uses a common zero-order phase correction for all peaks it was necessary that both the metabolite and water spectra were accurately phased before combination. Although the correction for time-dependent phase variations (ECC) should result in correctly phased spectra for SI H2O , small phase differences were nevertheless observed that appeared to be associated with small line-shape distortions, particularly at voxels near the edge of the brain, and phase variations are always present in the SI Met spectrum; therefore, a zero-order phase correction was applied to both datasets before the spectral combination step.
Prior to spectral analysis a denoising procedure using principal component analysis (PCA) was applied that results in improved spectral quality with minimal impact on spectral linewidth (Abdoli A.A. Maudsley et al. NeuroImage 146 (2017 ) 1093 -1101 . To improve effectiveness of this procedure a B0 correction was first applied using the frequency offset values derived from spectral fitting of the metabolite resonance portion of the combined spectrum. Parametric spectral analysis was then applied to obtain the frequencies and amplitudes of the singlet resonances for water, NAA, the Cre methyl resonance, and Cho. This analysis used a time-domain model of the spectrum with a baseline modeling in the frequency domain (Soher et al., 1998 (Choi et al., 2011; Prescot et al., 2014) , and set to 250 ms, 160 ms and 230 ms for NAA, Cre, and Cho respectively. The T2 of water is known to be shorter and this Lorentzian component was set empirically to 55 ms based on a preliminary analysis of the performance for fitting of the water resonance. The spectral fitting showed excellent agreement between the fit result and all resonances, as shown in Fig. 2 . To save time in the processing the spectral fitting was only applied to voxels for which the SI H2O linewidth was ≤15 Hz. Following spectral analysis, maps of the frequency differences in ppm were calculated between water and NAA, Δ H2O-NAA , water and Cho, Δ H2O-Cho , and water and Cre, Δ H2O-Cre . Information on the relative tissue contribution to each MRSI voxel was derived from a segmentation of the T1-weighted MRI using FSL/ FAST (Zhang et al., 2001 ) that was resampled using the spatial response function of the MRSI data, to obtain maps of the relative volume contribution of GM, f GM , and WM, f WM . Additional processing included non-linear spatial registration to a standard spatial reference, or MNI space (Collins et al., 1998) , at 2-mm isotropic resolution. This was applied to the individual metabolite and temperature maps, the fitted spectral linewidth, and the maps of the relative tissue content.
GM-WM magnetic susceptibility differences
Prior to applying the temperature measurement calculation, the water-metabolite frequency differences due to local susceptibility effects in GM and WM were measured using a subset of 27 subjects (age 20 to 59, 14 male), which is referred to as Group A to distinguish this set of tests from the analyses done for the larger group. This was carried out using two analysis methods. The first generated spectra corresponding to 100% contribution of each tissue type, using the procedure described by Mandl et al. (2012) , and applied the spectral analysis to these decomposed spectra. This procedure takes multiple spectra within a ROI and applies a decomposition using knowledge of the fractional tissue content at each voxel to derive the mean GM and WM model spectra, based on the assumption that each tissue type has a characteristic spectral pattern. The data is described as a linear model D=WS; where, D is a matrix of the n voxel spectra selected from the ROI with m points each, W is the fractional WM and GM content for each of the selected voxels, and S contains the characteristic spectra corresponding to 100% WM and GM. This equation was then solved for S by estimating the inverse of W (Goryawala et al., 2016) . The procedure was applied to voxels selected from multiple regions of interest (ROIs) . Because the temperature of the brain has been reported to vary with depth, voxels were selected from peripheral brain regions so as to minimize the possible contribution of temperature variations. This region selection was achieved by modifying a brain atlas that defined the frontal, temporal, parietal and occipital lobes, to exclude central brain regions. This modified atlas was then spatially transformed to each individual subject MRSI coordinates to define the ROIs for voxel selection. A region of approximately 2.6 cm depth from the cortical surface and which extended from the level of the ventricles for 4 cm towards the top of the head was defined. Voxels were then selected within peripheral regions within each brain lobe, that met the selection criteria for CSF fraction < 20% and linewidth ≤8 Hz. Spectral analysis was then applied to the resultant GM and WM spectra to obtain the water and metabolite frequencies in each tissue, for 8 ROIs within the cerebrum.
The second method for analysis of GM and WM differences used a tissue regression analysis for the mean value frequency difference images in standard space. Maps of the mean values of Δ H2O-NAA , Δ H2O-Cho , Δ H2O-Cre , and the corresponding mean SI-resolution GM and WM distributions, were initially generated using all subjects in Group A. These maps were generated using voxel selection criteria for linewidth ≤8 Hz and CSF fraction < 20%, and the mean value result was retained only if > 20 (74%) studies returned a valid result at that voxel. Multiple voxels were then selected from the mean value maps in the periphery of the brain, running to approximately 2 cm depth, and for axial slices running from the level of the ventricles to the top of the brain. In consideration of the image interpolation included in the spatial normalization the data was subsampled by a factor of 2 in all dimensions. A regression analysis was then applied for the mean frequency difference against the relative GM fraction calculated as f GM / (f GM +f WM ). The frequency difference corresponding to extrapolation to 100% GM and WM was then calculated.
Temperature analysis
Temperature maps were generated using Δ H2O-NAA , Δ H2O-Cho , and Δ H2O-Cre , as well as using the weighted combination (Cady et al., 2010) , while also taking into account the correction for frequency differences caused by susceptibility variations in gray-and white matter tissue, which were derived in the previously described step. Initial evaluation indicated that the calibration factors of Zhu et al. (2008) and Prakash et al. (2014) produced results that were closest to a target value, for which a mean WM temperature of 37.5°C was assumed (Hirashima et al., 1998) ; however, since there remains little agreement in the published values for the temperature calibration, small adjustments in the intercept values were applied in order to make the mean temperatures, averaged over WM in the frontal, temporal and parietal lobes, for a subset of 18 studies that were of similar age (aged 21 to 28, median 25, 5 male), to be the same for all three metabolites and equal to 37.5°C. The resultant calibration factors used were: 
These use the slope values from Prakash et al. (2014) but with slightly increased intercept values.
Following spatial normalization of all temperature maps the lobar brain atlas was then used to select voxels within each of the left and right frontal, temporal, occipital, and parietal lobes, and the cerebellum, with selection criteria of < 20% CSF and a linewidth of ≤8 Hz. Outlying values for each parameter map were also removed if the value exceeded three times the standard deviation from the mean value, based upon all voxels within the selected region. A regression analysis was then carried out to examine the association of temperature in each A.A. Maudsley et al. NeuroImage 146 (2017 ) 1093 -1101 brain region with age and weight, for each of the temperature calculation methods. Significance was set for p < 0.002 to include a correction for multiple comparisons using the Bonferroni method (9 regions and 3 temperature calculation methods). Differences between gender were also evaluated using a two-sample t-test. Mean value temperature maps were also generated in standard space by averaging the coregistered maps from all subjects. For this calculation, the same linewidth and outlier removal tests were applied, but the CSF fraction was increased to 30% or 40% in order to generate a result that covered a greater extent of the brain volume to improve the visual appearance.
Accuracy estimation
Three investigations were carried out to estimate the accuracy of the temperature measurement. A Monte Carlo simulation was first implemented that started with high signal-to-noise ratio (SNR) metabolite spectra obtained from the spectral decomposition analysis and then performed repeated frequency estimations with added noise and varying differences between the water and metabolite portions of the spectra. This study was based on 10 metabolite spectra that had SNR > 100:1 (defined as peak NAA to RMS noise) and 10 water spectra obtained from different locations in one set of SI H2O data. The frequency of the water spectrum was then modified, using 10 steps from 0 to 0.05 ppm (6.4 Hz), and then combined with the metabolite resonance which had noise added to give a SNR~20:1, similar to that of the in vivo single voxel spectra. The spectral analysis was then applied to the combined spectrum and the difference in the frequency separation factors, Δ H2O-NAA , Δ H2O-Cre and Δ H2O-Cho from the same value from a fit of the high SNR spectrum were calculated. Results were analyzed to obtain the mean and maximum error due to the spectral fitting procedure.
The second error estimation analysis examined the variation of the temperature calculated using a study of a spherical water phantom that contained all three metabolites at physiological concentrations. The phantom was at room temperature and the temperature was assumed to be constant throughout the object.
The third analysis examined the standard deviation of the temperature measurements from a repeat study in two human subjects, who were each studied 5 times, for which results for metabolite measurements have been published previously (Maudsley et al., 2010b) . The analysis examined the standard deviations for measurements at individual SI voxels within a central WM region, and for mean values obtained from the atlas-defined lobar WM measurements calculated over all studies.
Results
An example of the combined water and metabolite spectrum from a single voxel in central white matter is shown in Fig. 2 , together with the spectral fitting result. This demonstrates good quality spectra, with a fitted metabolite linewidth of 4.4 Hz, and accurate fitting of both the metabolite resonances as well as the broader water peak that can be seen to have a stronger Lorentzian component. A quality evaluation indicated that on average 53% of the total brain volume was sampled (range 27-68%). The primary criterion used for this evaluation was a fitted spectral linewidth of less than 10 Hz, with additional criteria being a Cramer-Rao lower bound (CRLB) for the Cre area of < 15% and exclusion of voxels that had spectra with outlying values, as defined by three times the standard deviation of all spectra in the dataset, in the range of 1.7-3.6 ppm. An additional linewidth threshold of 8 Hz was applied for voxel selections in all temperature analyses performed in this study. These criteria are more stringent than has previously been applied for metabolite concentration mapping (Maudsley et al., 2009) in light of the sensitivity of the temperature measurement to the spectral linewidth (Childs et al., 2007) . The typical mean CRLB values were under 5% for the NAA, Cre, and H2O relative concentrations, under 7% for the Cho relative concentration, and under 1% for all resonance frequencies.
GM-WM magnetic susceptibility differences
In Fig. 3 are shown examples of decomposed GM and WM spectra from the left frontal lobe, which were derived from a total of 292 (interpolated) voxels, or 31.2 cc, and have SNRs of 77:1 and 100:1 respectively. The spectral analysis results show excellent fitting of all four resonances (note that the NAA and glutamate multiplets at~2.3 to 2.6 ppm were not included in the model) and returned linewidths of 4.3 and 4.9 Hz. In this example the resonance frequency values returned from the spectral fitting reported differences between GM and WM of 4 ppb for Δ H2O-NAA , 3.2 ppb for Δ H2O-Cho , and −0.8 ppb for Δ H2O-Cre . For NAA, this corresponds to a frequency difference of 0.5 Hz, which, with an x2 interpolated sampling resolution of 1.22 Hz/point, is not directly visible in the spectra. Using the decomposed spectral analysis for subjects in Group A, the mean value frequency differences between GM and WM were found to be Δ H2O-NAA =3.1 ± 3.7 ppb, Δ H2O-Cre =2.8 ± 3.3 ppb, and Δ H2O-Cho =4.5 ± 4.0 ppb. With standard deviations comparable to the mean values it is apparent that despite the excellent quality of the spectra, the magnitude of the tissue-specific differences is comparable to the accuracy of the measurement. This finding suggests that magnetic susceptibility differences across the selected ROI have resulted in reduced accuracy of the spectral decomposition procedure.
In Fig. 4 is shown a scatter plot of the mean Δ H2O-Cre value against the corresponding mean GM fraction at each voxel, obtained from the analysis of all subjects in Group A. This demonstrates that the resonance frequency difference has a linear dependence with the GM tissue fraction, with increased frequency separation between water and Cre in GM of 5.6 ± 0. Cho results (p < 0.0001), and almost reached significance (p=0.053) for the Δ H2O-NAA and Δ H2O-Cho results. This finding indicates that there are metabolite-specific resonance frequency differences between GM and WM, that are in addition to that of the water resonance. A second analysis was then performed using data from all subjects to examine whether these metabolite frequency differences vary with age. Data was divided into 5 groups, of 18 to 25, 26 to 35, 36 to 45, 46 to 55, and 56 to 85 years old, which had 39, 34, 28, 28, and 22 subjects respectively, and the regression analyses carried out using the mean frequency value and relative GM maps for each age group. This analysis indicated that age-dependent changes occur with the strongest change occurring for NAA, as shown in Fig. 5 . The mean values over all age groups were 7.7 ppb for NAA, 5.8 ppb for Cre, and 6.6 ppb for Cho.
Temperature analyses
In Fig. 6a is shown a temperature map based on Δ H2O-NAA obtained in a single subject. The maps based on Δ H2O-Cre , Δ H2O-Cho , or the weighted sum were very similar. The contour in each slice of Fig. 6a shows the outline of the brain and the dark regions within this contour represent areas for which the spectra did not meet the image quality criteria. Some brighter regions can also be seen that typically indicate areas of lower spectral quality or may contain lipid contamination, but which were not excluded by the initial quality criteria. Also shown in Fig. 6 are the average temperature maps calculated for all subjects in Group A, and which included voxels that had a linewidth of ≤8 Hz, without (Fig. 6b) and with (Fig. 6c ) the GM-WM susceptibility correction factors obtained in the previous measurement from the same group of subjects. The apparent temperature variations seen in Fig. 6b that are associated with the GM and WM distribution are reduced after inclusion of the tissue susceptibility correction; however, structure remains, indicating that the susceptibility variations cannot be fully described by fixed values for each tissue type. The panel in Fig. 6d shows the standard deviation of the mean temperature map, indicating that the greatest variability is at the edges of the brain, where effects of increased line-broadening, lipid contamination, and errors in spatial normalization have the largest effect.
In Fig. 7 are shown results of the mean temperature calculation obtained using all subjects. In Fig. 7b is shown the mean temperature map calculated from Δ H2O-NAA , with voxel selection criteria of linewidth ≤8 Hz, CSF content < 40%, and a minimum of 50 subjects at each voxel. The maps are displayed at the same spatial resolution as the MRI used for the atlas registration (Fig. 7a) . It can be seen that some cortical surface and temporo-frontal regions remain unsampled due to the voxel exclusion criteria used. In Fig. 7b structure can be seen within the brain that would not be anticipated from localized temperature variations, and furthermore, these variations were observed to be different for the temperature maps generated from each metabolite. This finding is shown in more detail for four central slices in Fig. 7c -e, using a color scale with a range of 0.8°C. Of these features, the banding appearance running approximately horizontally in the posterior region of Fig. 7c is likely associated with ringing of subcutaneous lipids that can occur in these regions and most strongly affects the fitting of NAA.
To further investigate the image features seen in Fig. 7 , maps of the differences between each metabolite frequency were generated, i.e. Δ Cre-NAA , Δ Cho-NAA , and Δ Cho-Cre , which are shown in Fig. 8 . For maps generated from Δ Cre-NAA , Fig. 8b , and Δ Cho-NAA , Fig. 8c , bilateral areas of decreased values can be seen in frontal regions. Since these are most prominently seen in both of the difference maps involving NAA it can be inferred that these are due to downfield shifts of the NAA resonance, relative to the Cre and Cho resonance frequencies. Comparison of these maps with a coregistered white-matter atlas (Oishi et al., 2009) indicates that these image features correspond to the corona radiata, which are relatively large white-matter tracts that run in the caudalcranial direction, i.e. in the direction of the B0 field. Bright image features can be seen in posterior regions of all frequency difference maps, but which are most pronounced in Fig. 8b and c, that suggest upfield shifts of the NAA resonance in the posterior thalamic radiations and splenium, which are tracts that run perpendicular to the B0 field. These findings therefore strongly indicate differences in resonance frequency due to cellular-level variations of the magnetic susceptibility and the different compartmentalization of the individual metabolites. With a range of~5 ppb, these correspond to modification of the apparent temperature measurement of up to 0.5°C.
Analysis of mean temperature in WM regions of each brain lobe across the complete group of subjects indicated no significant changes with age or weight, when accounting for multiple comparisons (p < 0.002). While nine of the evaluations resulted in a p-value of slightly under 0.05, there were no consistent findings across all three of the temperature reference methods in any region. In Fig. 9 is shown an example of the temperature measurement across all subjects in the left temporal lobe, separated by male and female subjects. The standard deviation over all subjects for this region was 0.44°C and the values for all other regions were very similar. On average, temperatures were slightly higher in the left hemisphere relative to the right, by 0.034°C, reaching significance in the frontal lobe (0.046°C, p=0.002) and a strong trend in the temporal and parietal lobes (0.039°C, p=0.012 and 0.029°C, p=0.021 respectively). The temperature of the cerebellum was slightly lower, at 37.2°C, relative to a mean cerebral temperature of 37.5°C (p < 0.0001).
In Fig. 10 are shown the mean WM temperature in all brain regions for male and female subjects. This result shows a trend for increased brain temperature throughout the cerebrum in females, relative to males, on the order of 0.1°C. The left temporal lobe exhibited the largest difference of 0.15°C with a p-value of 0.03.
Accuracy estimation
For the simulation study a standard deviation of the frequency measurement of 0.0018 ppm ( ± 0.2°C) was obtained, with a maximum error of 0.006 ppm (0.6°C). There was no dependency of the error of the frequency determination with the frequency shift of the water resonance, and the mean standard deviation of the error for Δ H2O-Cho was 60% greater than that of Δ H2O-Cre and Δ H2O-NAA . Since this simulation did not include effects such as varying line width and phase this can be considered as a minimum error estimation. For the A.A. Maudsley et al. NeuroImage 146 (2017 ) 1093 -1101 phantom study, the standard deviation over all voxels within a region of 4.0×4.0 cm in a central slice was 0.7°C, and over a whole slice, for a linewidth < 8 Hz, was 1.6°C. This performance was the same for all temperature measurement methods.
For the repeat study evaluation in two human subjects, the standard deviation for measurements at 32 individual voxels within a ROI located in a single central slice was 2.1°C. The standard deviation of regional mean values, averaged over all voxels with > 80% white- Fig. 6 . Example temperature maps generated using Δ H2O-NAA . (a) Temperature map for an individual subject, displayed for a range of 36.5-38.5°C. Slices are displayed at the reconstructed spatial resolution, with 5.6 mm slice interval. (b) The mean value temperature map in MNI space, generated from all subjects in Group A and displayed for a range of 35.5-37.5°C. Images are displayed at 6 mm spacing. (c) The corresponding mean value temperature map after including the correction for the susceptibility differences between grayand white-matter. (d) The standard deviation of the temperature for all subjects in Group A. Within the darker areas of these maps the coefficient of variance ranged from 6% to 12%. The mean temperature map calculated from Δ H2O-NAA using all subjects. Every third slice (6 mm spacing) is shown from the spatially-normalized image result with a temperature scale range of 1.0°C. In (c), (d) and (e) are shown the central slices at 4 mm spacing using the same color scale of 0.8°C, generated using Δ H2O-NAA , Δ H2O-Cre , and Δ H2O-Cho respectively.
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NeuroImage 146 (2017) 1093-1101 matter in each lobar region and with a linewidth threshold of 8 Hz, ranged from 0.06°C (NAA measurement in the left frontal lobe) to 0.4°C (Cho measurement in the left occipital lobe). The average standard deviation, taken over all regions for the measurement using Δ H2O-NAA , was 0.2°C. From these results the accuracy of the temperature measurement is estimated to be on the order of ± 2°C for single voxel measurements to ± 0.2°C for regional averages.
Discussion
This study represents the most comprehensive evaluation of 1 H-MRS temperature measurements in the human brain to date, with measurements from 150 subjects and from a larger fraction of the brain volume than has previously been evaluated. By combining volumetric MRSI data from multiple subjects, new observations of the apparent temperature distribution within the brain have been obtained. A major finding of this study is that magnetic susceptibility induced frequency shifts, which cannot be resolved from temperatureinduced changes, can have a significant impact on the accuracy of the temperature measurement. To account for these differences in grayand white-matter, this study has for the first time included information on the relative tissue content and the GM/WM resonance frequency differences in the temperature calculation. Using two different measurement approaches, this study found different values for the frequency difference between the water and metabolite resonances in gray and white matter. It should be noted that this measurement is relative to the water resonance frequency and excludes shifts due to macroscopic susceptibility-induced field variations from anatomical structures, which affect all resonances. This result supports the findings of Chadzynski et al. (2011) ; although with smaller values being found for the age of the subjects used in that study (27.5 years) as well as the finding of minimal differences between the shift values for each metabolite at that age (Fig. 5) . The magnitude of the shift is smaller than the value of 15.7 ppb reported for the shift of the water resonance by Duyn et al. (2007) ; however, it should again be noted that the MRS measurement represents the difference of the metabolite frequency from that of the water, and therefore reflects their different molecular environments. An additional new finding of this study is that this tissue-dependent susceptibility induced frequency shift is age dependent (Fig. 5) . It has been reported that the susceptibility variations in brain tissue are primarily due to myelin (He and Yablonskiy, 2009; Langkammer et al., 2012) and age-dependent changes of the magnetic susceptibility effect on the water resonance have been reported (Li et al., 2014) as well as increases of radial diffusivity that is interpreted to reflect age related demyelination and increase in extracellular water (Bennett et al., 2010) . In addition to the GM and WM tissue-dependent frequency shifts, this study has demonstrated that additional susceptibility-induced frequency shifts are present that differ for each metabolite resonance and which reflect the cellular structure and organization, as proposed by He and Yablonskiy (2009) . The strongest findings were found for NAA, which in WM is localized within the axons, with downfield resonance shifts found in WM tracts aligned with the B0 and upfield shifts in axons aligned perpendicular to B0. It is considered likely that this change reflects both the intra-axonal compartmentalization of NAA and the anisotropic susceptibility of the myelin (Lee et al., 2010) . These tissue and cellular orientation variations can impact temperature measurement by up to 0.8°C, which is comparable to the variations in regional brain temperature measurements seen across a group of healthy subjects (Fig. 9) and greater than the estimated intra-subject reproducibility for ROI-based temperature measurements. While the orientation dependence of magnetic susceptibility on the water resonance has been described and this mechanism is known to affect metabolite resonances in muscle tissue (Boesch and Kreis, 2001; MacMillan et al., 2016) , to our knowledge this is the first report of these metabolite-specific effects in the brain.
While this study has demonstrated spatial variations of estimated temperatures within the brain using voxel-based averaging methods, these cannot be distinguished from the confounding effects of the magnetic susceptibility induced frequency shifts. It is therefore proposed that the term "apparent temperature" be used for MRS measurements in the brain. However, the apparent temperature maps generated do nevertheless provide some indication of temperature variations within the brain, including slightly decreased temperatures at the edges of the brain relative to periventricular regions, on the order of 0.4°C, as for example seen in the map derived from Δ H2O-Cre in Fig. 7d . These variations are consistent with measurements made in vivo in monkeys (Hayward and Baker, 1969; Wang et al., 2014) , but much less than thẽ 1°C variation measured in patients undergoing neurosurgical procedures (Hirashima et al., 1998; Mellergard, 1995) . Additional regional variations detected in this study were small lateralization differences and a slightly lower temperature in the cerebellum. The only tempera- 37.8 Fig. 10 . Mean temperature in white matter for each brain region separated by male and female subjects. The asterisk indicates a p-value of < 0.05 for the difference between male and female subjects in that brain region.
ture differences found that were dependent on any of the subject variables that were tested was that the average cerebral brain temperature in females showed a trend to being 0.1°C warmer than for males; however, it should again be noted that the possible effect of susceptibility differences cannot be excluded. No significant changes of apparent brain temperature were detected with age or body weight. These findings are consistent with measures of body temperature, which has been reported to be different for males and females but with no variation with age and body-mass index (Lu and Dai, 2009 ). The accuracy of in vivo MRS-based temperature mapping remains challenging due to the small temperature dependence of the water resonance frequency over the range of temperatures seen in vivo relative to the spectral linewidth. Some features of this study implementation are noted that benefit the frequency measurement. Firstly, the MRSI data were acquired at a higher spatial resolution than would be warranted from SNR considerations; however, this smaller voxel volume results in a narrower linewidth that improves the accuracy of the temperature measurement. The processing also maintains the linewidth in the final MRSI data by applying a B0 correction before spatial smoothing is done (Ebel and Maudsley, 2003) . In addition, a spectral denoising procedure has been applied that provides an improvement in SNR with minimal impact on the linewidth (Abdoli et al., 2016) . Nevertheless, with whole-brain detection, areas of significant B0 inhomogeneity are inevitably present and a strict maximum linewidth threshold was imposed to maintain quality in the voxels selected for the temperature measurement. Despite these efforts, some indication of an apparent increase in temperature in regions of the brain that have greater B0 inhomogeneity remained in the temperature maps (e.g. Fig. 7c ).
An additional feature of the acquisition method used is that the metabolite and water SI datasets are obtained in an interleaved manner, therefore longer-term frequency drifts that may come from subject motion or instrumentation factors (Ebel and Maudsley, 2005) will impact both datasets equally. The data processing also included measurement of the gradient-induced frequency drifts from the water SI, which was then corrected in both datasets. It is, however, noted that the temperature calibration obtained by Prakash et al. (2014) found a difference in the intercept value from that of a single-voxel measurement. It is speculated that this could be due to short-term heating of the gradient coils over the time of each EPI readout of the metabolite signal, resulting in a small frequency shift at the time of the water SI EPI readout. This effect is likely to be instrument-dependent, and represents a potential disadvantage of the Echo-Planar acquisition method, along with the potential for increased eddy-current induced lineshape distortions relative to spectral sampling in the absence of any applied gradient. It is possible that increased accuracy of the frequency measurement may be obtained by increasing the readout duration beyond 800 ms.; however, inspection of time-domain data generated from high SNR regionally-integrated spectra indicate that the FID magnitude is decreased by more than a factor of 100 at the end of the sampling period and it is considered unlikely that extending the total sampling period would provide any improvement for measurements at 3 T.
Although the method for measuring GM-and WM-specific resonance frequencies using the spectral decomposition method produced results were comparable to the individual voxel regressions (2.8 to 4.5 ppb difference), this analysis method proved to be relatively insensitive, despite the excellent quality of the decomposed GM and WM spectra. A likely reason for this finding is that the susceptibility differences between GM and WM are not homogeneous, and that the combination of spectra from WM regions that contain multiple orientations of the axonal fibers with slightly different resonance frequencies due to the anisotropic susceptibility of the myelin (Lee et al., 2010) resulted in loss of information. Additional reasons for this finding could include the difficulty of detecting frequency shifts that are smaller than the typical in vivo metabolite resonance linewidth. In contrast to the report of Chadzynski et al. (2011) the tissue-specific frequency shifts could not be visually detected. It is believed that the primary limitation is the sensitivity of the frequency measurement in the spectral analysis, as indicated by the simulation study, which found a standard deviation of the measurement (~2 ppb) that is comparable to the GM-WM frequency differences (5-10 ppb).
The reproducibility of the temperature measurement in this study was estimated at ± 2°C for single voxel measurements, which precludes detailed temperature mapping in single subjects, but this could be substantially improved to ± 0.2°C using regional averages. Childs et al. (2007) have reported an accuracy of 0.8°C in a phantom study at 3 T, which is similar to that found in this study, and shown using a simulation study that linewidths > 8 Hz greatly increase the error of the measurement. Cady et al. (2010) have reported a reproducibility at 2.4 T of 0.65°C for the NAA measurement and 0.45 for the weighted combination calculation, and studies at 1.5 T have reported a standard deviation on the order of 1°C (Corbett et al., 1997; Karaszewski et al., 2006) . This study found similar performance for temperature calculations using all three of the metabolite resonance reference methods, with no benefit obtained using the weighted sum (Cady et al., 2010) . A small improvement was obtained from the Δ H2O-NAA measurement; however, this may be offset by the greater sensitivity of this measurement to the orientation of the neuronal fibers, which can account for a difference of up to 0.5°C. Overall, the calculation using Δ H2O-Cre is recommended as this appears to be less sensitive to susceptibility effects and was equally reliable to the Δ H2O-NAA measurement. For all frequency reference methods, however, it is recommended that correction for the relative tissue content and the associated susceptibilityinduced frequency variations should be included and that ROIs be chosen for the temperature measurements that have minimal additional susceptibility-induced frequency shifts (i.e. based on the maps shown in Figs. 7 and 8) , for example the superior parietal region. Further improvement may be possible by incorporating spatial variations for each metabolite resonance frequency and subject age in this correction and potentially incorporating correction factors based on measures of the axonal organization.
Limitations of this retrospective study include that information on body temperature, or of possible factors that could impact brain temperature such as medication use, circadian rhythm, handedness, or menstrual cycle (Kelly, 2006) were not available. In common with all MRS studies of brain temperature in human subjects the accuracy of the measurement remains unverified, as it is dependent upon the calibration factors used for which there is considerable variation in published values and a known dependence on acquisition and analysis methods. Of the published calibrations, similar values for the temperature dependence of Δ H2O-NAA have been reported in four studies (Kuroda et al., 2003; Prakash et al., 2014; Vescovo et al., 2013; Zhu et al., 2008) and therefore this study has used these values while modifying the intercept values to obtain the same assumed mean WM temperature from all three reference measurements. the development of the MIDAS software is also gratefully acknowledged.
